Abstract: This paper presents the techniques used for the characterization of a new type of standing-wave piezoelectric ultrasonic motor. The motor uses a metallic flextensional amplifier, or "cymbal", to convert the radial mode vibrations of a piezoelectric ceramic disc into flexural oscillations, which are further converted to produce rotary actuation by means of an elastic-fin friction drive. The motor operates on a single-phase electrical supply. A beryllium copper rotor design with three-fin configuration was adopted. The best stall torque, no load speed, transient time and efficiency for a 25 mm motor were 2 Nmm, 680 r/min, 2 ms and 4.8 % respectively. The operational characteristics of the motor were evaluated by using two methods: one based on the pulley brake principle and one on high-speed imaging. The results obtained from using these two techniques are contrasted and compared. 
Introduction
Piezoelectric ultrasonic motors [1] have a number of potential advantages. They maintain relatively high torque at relatively low speeds, without a reduction gear, and exhibit a self-locking feature when electric power is turned off because the driving mechanics use friction between the vibrating stator and the rotor. They are light compared with electromagnetic motors and their equivalent inertias are low. They neither create electromagnetic fields nor are they affected by them. They also have many advantages for applications in micro-electromechanical systems (MEMS) because, in contrast with electromagnetic motors, their simple construction makes them well suited for miniaturization and their overall efficiency is relatively insensitive to size. This paper is concerned with presenting and comparing two techniques for the characterisation of such motors, particularly with the assessment of their torque/speed characteristics as a function of the bias force acting between the rotor and the stator. In this particular case, the characterisation techniques are applied to a new type of piezoelectric motor which combines a stator consisting of a flextensional amplifier driven by a flat piezoelectric plate with a rotor bearing three angled fins [2] [3] [4] [5] [6] . The rotational speed of electric motors can be measured by using a rotary encoder to convert pulse frequency to speed. It is important that an encoder does not have a large internal friction, which could prevent the motor from rotating. The torque can be measured by the reactive force method where the force sensor is mounted to the stator and an external load is applied to the rotor. The torque can also be measured by the pulley-brake principle [7, 8, 9] . The system consists of one weight / force-sensor pair which are connected together by a thin string. The string is assembled around the rotor bearing and is allowed to slide around the smooth bearing surface. In operation, the weight generates a frictional load to the rotor and the torque is proportional to the difference between the force-sensor reading and the external weight. The weight can also be replaced by another force-sensor where the load is varied by changing the distance between the two force-sensors. A dual force-sensor arrangement has been demonstrated with a resolution of 1 µNm between 0-40 µNm [7] . In contrast with the above, a high speed imaging technique can be employed to measure the mechanical transient characteristics of the rotor. Based on a knowledge of the moment of inertia of the rotating parts (the rotor and encoder) the acceleration characteristics of the torque can be calculated. Torque evaluation based on the measurement of transient characteristics using an optical encoder has previously been reported in [10, 11, 12] for rotary type ultrasonic motors. In summary, there are contact based methods to measure torque characteristics and noncontact methods to measure speed (i.e. rotary encoder) of the electric motors. This paper is focused on a comparison of these two methods for the operational characterization of a flextensional piezoelectric motor using: 1) pulley brake torque measurement and 2) high speed imaging. The study reported here deals with a standing wave type motor of very simple design, which is shown in Fig. 1 . The resonating structure combines the radial mode vibrations of a piezoelectric ceramic disc with a metallic flextensional amplifier (i.e. cymbal [13, 14] ) to turn the radial vibrations (in x-y plane) into a "vertical" motion in magnitude of ∆z perpendicular to the plane of the disc. The magnitude of radial vibration is described with the dimensions x(I) in extraction and x(III) in contraction of a piezoelectric ceramic, respectively. A rotor employs an elastic fin. The operational principle of this has been described previously in [15] . The combination of these two operational principles into a working motor has been described in detail previously [2] [3] [4] [5] [6] and will not be discussed further here. The cymbal operates both as a mode conversion element and displacement amplifier. In this way, the relatively high force generated by the PZT element can be better matched for motor use. A motor of this type that uses a double cymbal arrangement with a circular disc PZT driver has been demonstrated in previous work [2] [3] [4] . The motor design described here is simpler, since the structure is single sided and better matched to MEMS manufacturing processes. In previous work [6] , we have described the fabrication and characterisation of a single-sided flextensional-drive motor using a square ceramic driver plate. In this paper we will, by contrast, describe the use of a ceramic disc as a driver.
Motor Design and Fabrication
In practice, the motor is attached at the plate's centre point to allow free radial movement of the PZT driver. A spring load (bias force) is applied to press the fins into contact with the cymbal, and some wobbling is allowed at the rotor to ensure even three-point contact.
The motor operates with a single-phase electrical supply. This gives some advantages of simplicity when compared with the complicated multi-phase drives frequently used with the travelling-wave motors. The motor is unidirectional, although by inverting the fins angle (i.e. θ to -θ, see Fig 2) , the direction will change. Two-way operation could perhaps be achieved by a double fin configuration where two sets of fins are located in the different radii [4] . In operation, the vertical displacement of the cymbal surface is in direct relation to the radial displacement of the cymbal's contact ring. The relevant parameters to the motor design are defined in Fig 2. In this design, θ is the angle of the fin and r r the rotor/stator contact radius. l and t r are the length and the thickness of the fin respectively. The stator was constructed from PC-8 material (Morgan Electroceramics), d pzt = 25 mm and t pzt = 2 mm [25] . The amplifier element was made from 0.45 mm thick beryllium copper foil (Cu98/Be2) using a pressing tool. These two parts were then bonded together with electrically conductive epoxy (CircuitWorks® CW2400) in order to provide electrical connection between the cymbal and PZT. In practice, the parts were held together at a temperature of 40ºC for several hours and cooled down before testing. In addition, electric wires were bonded to the cymbal and PZT with the same conductive epoxy. The top surface of the device mount was bonded with the Loctite® 402 cyanoacrylate adhesive to the centre of the PZT disc. The lower part of the device mount was connected to the external test jig.
All of the rotors were wet chemically etched from the same material as the amplifier. The outside diameter of the rotor is 12 mm (d r ). Encoder disc diameter of 32 mm (d e ) was bonded onto the rotor. The ball bearing was bonded along the rotor's centre axis using a centring tool. The bonding work used Loctite® 402 cyanoacrylate. Fins were bent to angle θ = 38º under a video microscope using a bending tool with a resolution of ±1º.
Test set-up
Motor performance data is collected using a mechanical test rig. A diagram of this is shown Fig 3 while Fig 4 shows a photograph of the complete unit. This is designed to allow continuous measurement of the output torque and speed. The motor is mounted between the electrically isolated stand and bushing both made of PTFE (i.e. Teflon). The adjustment screw sets the bias force. The torque is monitored using a pulley-brake method and speed by an integrated rotary encoder. All sensor values are interfaced to a PC for data analysis. The motor is controlled from a separate PZT driver. The basic schematic of the electrical interfacing is represented in Fig 5 and discussed in detail below. The measurement data was collected with a program written in Labview®. 
Pulley brake torque measurement
A pulley-brake technique was employed for torque measurements. In this method, the load is measured by using a sliding nylon string (Perlon, Bayer, Kamasan Ø0.16 mm) wound once around the rotor bearing with both ends attached to force sensors (Force 2 and 3) as is shown diagrammatically in Fig. 6 and illustrated in the photograph in 
Bias force measurement
A similar sensor that was used in torque measurement is used to monitor the bias force between rotor and stator (LCL-816G). The basic schematic of the sensors is shown in Fig.7 . The other end of the sensor is mounted onto the metal frame of the test set-up and the moving part of the beam to the sliding part made of PTFE (i.e. Teflon). It is important to notice that the operation of the bending beam force sensors requires double bending in the beam (this applies also for torque measurement set-up). The first bending from the left has compression on the top surface and second bending tension as in shown in Fig. 7 .
Since the measured voltages from the sensors are relatively small (~20 mV) compared to the actuation voltages (50 V rms ), noise protection for signals was provided. In order to increase signal-to-noise levels, signals were amplified 24 times with CM015 signal conditioning modules attached to a signal-conditioning adapter CM001 [17] . Amplified signals were further connected to the interfacing module SCB-68, where signals were directed to the A/D card (PCI-6023E [18] ) using a differential connection. 
Speed measurement
There are several commercial systems that could potentially be used to measure the rotational speed of an electric motor. However, very few were found to be suitable for the flextensional piezoelectric motor. One of the most common methods with electromagnetic motors is to use a ready-made encoder, which provides digital pulse frequency as a function of rotational speed. However, one of the most severe problems with this method is the high starting torque mainly caused by the encoder bearings and sealing.
Because of the problems encountered with finding a suitable commercial apparatus, the speed measurement was made by counting pulses from a fibre optic probe mounted on the test set-up, which senses an integrated angular encoder on the shaft. The sensor (FU-20, FS-V11P [19] ) can detect targets as small as 0.01 mm. Detected pulses (200 pulse / revolution) are converted to rotational speed information using the high-speed counter of the A/D card (PCI-6023E [18] ). The fibre optic probe is based on the light emitting diode and receiver. When the light barrier is blocked over certain intervals ∆t (as happens with a rotating encoder disc) the result is a pulse frequency proportional to the rotational speed
, where n holes is a number of features in one revolution).
Electrical characterization
In order to measure the electrical energy supplied to the motor, it is necessary to measure an electric current, voltage and phase difference. The voltage U in is evaluated by a voltage divider (Fig. 5) since the input voltage range of the PC integrated digital scope (PCI-5102 [18] ) employed is ± 50V. Measuring the voltage U 3 (CHA1) over a resistor R 3 monitors the electric current I in (equation (1)). Since the measured voltage U 3 << U in , it can be ignored when evaluating U in . The voltage U 2 (i.e. CHA0) over the resistor R 2 is measured using an oscilloscope, which measures a current I 2 . Now, the voltage taken by a motor U in can be calculated from R 1 , R 2 and I 2 (equation (2)). The electric current can be evaluated from the Ohm's law where U 3 is a current measured across the resistor R 3 .
The voltage between the two electrodes of the motor (U in ) can be calculated by an equation (2) ) (
When calculating the flextensional motor's input power under sinusoidal excitation, it is important to apply power factor compensation cos(φ) in respect of the phase difference φ between the voltage and current to take account of the capacitive and inductive load components. The power factor is calculated from the phase difference between the signals at CHA0 and CHA1. P loss defines the resistive power loss generated by the measurement electronics (R iso , R 3 ) (see Fig. 5 ). The electrical power input (P in -P loss ), mechanical power output (P out ) and efficiency (η) are defined with equation (3) 
PZT driver
The motor is operated by SHINSEI USR-45 drive [20] . This driving unit generates a high voltage (100 V rms ) and current (1.2 A) square wave up to 56 kHz. The frequency can be controlled manually with a potentiometer. This unit requires a single 12 VDC high current power supply. . Once all data were collected to the text file, it was converted, and filtered and the responses plotted using MATLAB®. The force, voltage and current measurements were filtered using averaging. The result of the speed measurement was filtered using a median filter algorithm over the measured values. 
Test set-up in acceleration measurements
Previously it has been demonstrated that once acceleration is defined, it is possible to calculate the mechanical torque of the motor when the moment of inertia is known [10] . One of the most common methods to measure acceleration is to use a ready-made encoder with a wide enough bandwidth. This method has previously been demonstrated for example in [11] and [12] . Another way to measure transient characteristics is to use stroboscopic light in conjunction with a standard CCD camera as demonstrated in [21] and [26] . Here an alternative way to measure flextensional motor transient characteristics using a high-speed camera will be described. A similar camera has, for example, been used in the analysis of transient characteristics of a microturbine [22] .
The same flextensional motor and test set-up is employed as presented before but with additional triggering electronics. A basic schematic of the electrical interfacing is shown in Fig. 9 .
Fig. 9. Layout of the electrical interfacing in the acceleration measurements (R t = 3.3 Ω).

High speed camera (Imacon 468)
The high-speed imaging was carried out with an Imacon 468 imager. The camera takes pictures at rates from 1000 fps (frames per second) up to 100 million fps, but only captures 8 pictures. The pixel resolution is 576(H) and 385(V), one pixel is 22 µm square [23] . Each picture can be individually set so that the exposure of each channel and the inter-frame time between each channel can be completely independent of each other. Image intensifiers are built into the camera in order to allow gating of framing speeds thus the camera is relatively sensitive to light. Triggering is via a TTL signal (50Ω or 1kΩ, 2V to 25V positive or negative edges). A 266 MHz computer running Windows 95 controls the system.
The basic layout of the imaging arrangement is represented in Fig. 10 . The zoom lens (Leica Monozoom® 7) was attached to the Imacon 468 using a special fitting. The top view of the encoder disc was formed via a plastic mirror attached to the test jig tilted at 45º to the camera's imaging axis. The ruler was attached to the test jig in order to get a reference measurement for the obtained images. The double flashlights were used in parallel in both side of the optics. Also, a single halogen light was attached on the side of the optics in order to adjust focus and magnification before the imaging. 
Electrical interfacing
The electrical interfacing is represented in Fig 9. The motor was operated by a SHINSEI HV (i.e. high voltage) square wave driver. The supply voltage of the drive was 8.2 VDC, which estimates U in = 75 V rms (i.e. the same as with the pulley-brake method). In comparison, the measured output voltage of the SHINSEI drive was 109 V rms with 12 VDC input (VS). The driving frequency was 56 kHz. Three resistors, each of 10 Ω (R t = 10 Ω / 3), were connected in parallel as a current trigger. Once the driving unit is turned on, the current rises in the input stage and this can be monitored via the A/D card. A Labview® based program was set up to trigger the imaging. By adjusting the triggering level (i.e. voltage amplitude) in software, it was possible to vary the time constant between motor start and imaging. The triggering was conducted by a digital output (DOUT, TTL-level) from the A/D card. The fibre optic sensor was used to derive a speed reference by monitoring a single black dot on the encoder disc. The pulse frequency (i.e. rotational speed) was monitored visually from the FLUKE ScopeMeter® 123.
Recording the rotor's transient response
Several sets of images were captured in order to track the rotor's transient behaviour. A sample set of images is represented in Fig. 11 . The sequence of images, time delay between adjacent frames and the exposure times are represented in Table 1 , respectively. Exposure times had to be increased as a function of image numbers because a single flash was generated at the beginning of the imaging. The collected points were represented in a Cartesian co-ordinate system (X,Y) as a function of the image numbers and time (Fig. 12) . The measurement points in all images 1-8 are defined in a local reference co-ordinate system (X r,N ,Y r,N , where N = 0...7). The origin of the local reference co-ordinate is based on a ruler in the same image. The assumption is that the ruler is not moving while imaging, and therefore can be used as a reference. Measurement points in a local co-ordinate system are converted to the common co-ordinates (X r ,Y r ), which is equivalent to the X r,0 ,Y r,0 (i.e. the local coordinate of the first image). Now the linear approximation of the radial displacement (z N , where N = 1…7) can be defined. z N is being defined by the distance between two coordinate points as z N = sqrt((X When the radius of the measurement point is known (r = ~16 mm), the collected points are converted to an angular velocity (equation (5)).
It is now possible to evaluate the angular acceleration by taking the derivative of the angular speed (equation (6) Now the angular displacement θ N can be developed from linear displacement z N by using a cosine rule (equation (7)).
( )
As a result, the rotational speed can be represented as a function of time and rotational angle (Fig. 13) .
Calculation of the torque based on the acceleration measurements
The torque of the piezoelectric motor can be defined using equation (8) . Once the speed decreases from the no-load speed (ω max ) to zero, the torque increases towards the stall torque (T m, max ) (equation (9)).
The solution for the rise curve can be represented with equation (10) after T m has been eliminated from the equations (8) and (9) . τ r represents the time constant and is given in equation (11) . The maximum torque T m,max can be defined from the time constant τ r when the moment of inertia (J zz ) is known. In order to define the speed/torque characteristics, the angular speed derivative dω/dt must be calculated at every measurement point on the rise curve and substituted into equation (8) .
Evaluation of the torque of the flextensional motor based on the acceleration measurements
The measured rotational speed is represented in Fig. 13 with fitted speed, acceleration and torque data. The rotational speed saturates to 13.5 s -1
after taking an average between the frames F 3 and F 7 . In comparison, the simultaneous fibre optic probe based measurement gave 12.8 s -1 . The rise time and an angular displacement at F 3 are 2 ms and 7.5° respectively.
For the practical motor the moment of inertia J zz can be defined with equation (12) The stall torque can now be evaluated from equation (8), where the angular acceleration is a derivative of the equation (10) . The best fit to the experimental data was obtained by a time constant value τ r = 0.98. The stall torque is calculated as 4.1 Nmm. 
Discussion and Conclusions
The aim of this paper was to present the mechanical and electrical characterization of the flextensional ultrasonic motor. The speed and torque characteristics were evaluated by pulley-brake and fibre optic probe methods. The acceleration characteristics of the rotor / encoder combination were captured using a HADLAND Imacon high-speed camera. The maximum torque was derived from the images. Electrical characteristics of the motor were captured under steady state conditions using PC integrated electronics from National Instruments. The fibre optic and high-speed camera based no-load speed measurements gave practically-equal results of 12.8 and 13.5 1/s respectively. The torque measurement show similar results carried out by the acceleration based and pulley-brake principles. The achieved maximum torque using the pulley-brake principle was 1.94 Nmm with a measured bias force of 3.6 N. In similar driving conditions the acceleration based torque measurements gave T stall = 4.1 Nmm. Possible reasons to explain the difference could be the inaccuracy of the acceleration measurement or different loading configuration between these two measurement trials. It should be noted that the transient based torque measurement is very sensitive to the fitting parameters. In order to improve accuracy of this principle the transient should be recorded multiple times and the result of measurement points integrated prior to fitting. Alternatively, more measurement points per a single transient could be used. Ideally, acceleration and pulley brake results should be recorded simultaneously in order to fully explain the root cause of the different readings.
In order to compare flextensional motor's characteristics to other motors it is important to scale variables to the volume of PZT and voltage applied. The volume of PZT is following: V pzt = πr pzt 2 t pzt = 981 mm 3 . The maximum stall torque achieved was 24 Nµm/V rms . By scaling it as a respect of volume of PZT it becomes 25 Nnm/V rms /mm 3 (see Fig. 9 ). In comparison, the previous study of a similar motor but with square plate stator showed 14 Nnm/V rms /mm 3 [5] . The stall torque data compares with a thickness mode elastic fin motor presented by Uchiki et al, which achieved a maximum torque of 178 Nµm/V rms but with much bigger PZT disc dimensions (d pzt = 30 mm, t pzt = 14 mm) [15] . The Uchiki's motor generates 18 Nnm/V rms /mm 3 whereas the flextensional motor 25 Nnm/V rms /mm 3 indicating that the smaller volume of PZT used in the flextensional structure is much better used in the generation of torque. The difference between the disc and square plate stators can partly be explained by the material difference, because the disc was made of the hard PC8 material and the square plate the slightly softer PC4. The achieved efficiency of 4.8 % in this work compares well with the 0.6 % achieved in [15] . 
